The effect of acute and chronic administration of methylprednisolone on renal function was studied in rats with clearance and micropuncture techniques. Although acute administration did not influence renal function, chronic administration for 4 days caused a marked increase in glomerular filtration rate and PAH clearance. The rise in the reabsurption of sodium under these conditions was associated with a disproportionate increase in filtration rate and renal blood flow in deep portions of the cortex. There was no evidence of altered fractional sodium reabsorption in the proximal segment of surface nephrons by micropuncture analysis or in the ascending limb by clearance studies during a water or a solute diuresis.
• The effect of glucocorticoid hormones on renal function is of importance because of the striking alterations which occur in adrenal insufficiency and the widespread pharmacological use of these agents in patients with intact adrenal function. Previous studies, in the absence of adrenal insufficiency, have suggested that glucocorticoid hormones increase glomerular filtration rate (1, 2) and free water clearance (3, 4) and may influence the tubular reabsorption of sodium (5, 6) .
In the present study the action of methylprednisolone on sodium reabsorption by the renal tubule was examined in normal rats under conditions of acute and chronic administration by clearance and micropuncture techniques. In addition, since glucocorticoid hormones have been reported to increase glomerular filtration rate (1, 2) , this study provided an opportunity to examine the renal response to a chronic increase in the filtered load of sodium.
Methods
Experiments were performed on SpragueDawley rats weighing 150-250 g. All the rats were fed a sodium-free diet and had free access to water, except as indicated under individual protocols. In acute experiments, methylprednisolone (methylprednisolone sodium succinate, Upjohn) was administered intravenously in a dose of 15 fig/g body weight. Depression of eosinophil count indicates that this preparation is effective following intravenous administration. During chronic studies, methylprednisolone was administered subcutaneously in a dose of 15 /ig/day for 4 days prior to study. Body weight was measured before and after 4 days of treatment in both experimental and control rats. To perform renal clearance studies, rats were anesthetized with inactin, 80-100 mg/kg, a rracheostomy was performed, and a catheter was placed in both jugular veins and in the urinary bladder. Isotonic saline (150 ITIM) in an amount equal to 1% of body weight was administered during surgery to replace surgical losses of fluid and electrolytes. Glomerular filtration rate was measured with a Hmethoxy-inulin. Following a prime of 30-50 fie in
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a volume of 0.2 ml, a maintenance infusion of 8 Hmethoxy-inulin of 30 itc/hour in 1.2 ml of isotonic saline was administered. Samples of blood were taken from the tail at the midpoint of each period of urine collection. The radioactivity of urine and blood samples was measured in Beckman or Aquasol solution in a Tri-Carb liquid scintillation spectrometer. At the termination of the experiment 4-5 ml of blood was taken from the aorta. Following the clearance study, both kidneys were weighed before and after drying to a constant weight in an oven preset at 100°C. The following experiments were performed.
ACUTE EXPERIMENTS
Clearance studies were performed in six pairs of rats of approximately equal body weight. Following two periods of urine collection of 15 minutes each, methylprednisolone was administered intravenously to one member of each pair. After 30 minutes, two additional urine collections, each 15 minutes long, were made. Samples of plasma and urine were examined to measure inulin clearance, urine volume, sodium excretion, and hematocrit. Kidney weights were measured at the termination of the observation period.
CHRONIC EXPERIMENTS
Studies on Nondiuretic Rats.-Studies were done in seven control and seven experimental rats to measure inulin clearance, urine volume, sodium excretion, plasma sodium, and hematocrit. Thirty minutes after inulin was administered three urine collections, each 15 minutes long, were made.
In an additional group of six control and SLX experimental rats sodium balance studies were performed. Four days after beginning a sodiumfree diet, the rats were placed in individual metabolic cages. The urine excreted each day was collected under oil for determination of urine volume and urinary concentration of sodium during the 4 days of treatment with methylprednisolone.
Studies to Examine Solute-Free Water Formation.-An increased oral intake of water was induced by allowing free access to a solution containing 3% glucose and 0.25$ saccharin. Rats drinking in excess of 50 ml/day were begun either on the sodium-free diet (ten rats) or maintained on a normal-sodium diet (four rats) while the drinking solution was maintained. After 4 days, seven rats were begun on chronic methylprednisolone treatment, and die seven remaining rats served as controls. At the time of study 2% mannitol was infused intravenously. The initial rate of 0.1 ml/min was increased at 10-minute intervals by an increment of 0.1 ml/min until a maximal rate of 0.5 ml/min was achieved. Ninety minutes after beginning the mannitol Circulation Rtlurch, Vol. XXXI, July 1972 infusion, when the urine flow rate was constant, three periods of urine collection, each 10 minutes long, were begun. Urine and blood samples were taken for the determination of inulin, sodium, and osmolarity.
Studies to Examine Solute-Free Water Reabsorption.-A normal-sodium diet was provided for these studies. Twelve experimental and ten control rats were deprived of water for 24 hours prior to study. At the time of the experiment, 2.5% saline was infused intravenously at the rate of 0.15 ml/min. Vasopressin (antidiuretic hormone) was also administered during the entire experiment at the rate of 10 munits/hour. Ninety minutes after beginning the saline and vasopressin infusions, when the urine flow rate was constant, three periods of urine collection, each 10 minutes long, were begun. Samples of blood and urine were taken to measure inulin and osmolarity.
In an additional group of six experimental and six control rats maximal concentrating ability was measured. Twenty-four hours after water was withdrawn and 12 hours after the subcutaneous administration of pitressin tannate, 50 munits, in oil, urine was collected under oil for 4 hours for the determination of urine osmolality.
Micropuncture Studies.-Experiments were performed in six experimental and six control rats prepared for study in the manner previously described by this laboratory (7) . In these experiments, 1.0 ml of 1035 inulin was given as a prime and 10$ inulin was administered subsequently at the rate of 1.2 ml/hour. Three urine collections, each 15 minutes long, were made, and t:med collections of tubular fluid from surface proximal tubules of the left kidney were performed. A blood sample was taken immediately after each tubular fluid collection was made. The site of puncture was identified by microdissection of latex-filled nephrons. The inulin concentration in blood, urine, and tubular fluid was determined by the method of Vurek and Pegram (8) . All data reported from these studies were derived from tubular collections made in the distal third of the proximal tubule.
Studies to Determine Renal Blood Flow Distribution.-Studies were performed in seven experimental and six control nondiuretic rats. The clearance of para-aminohippurate (PAH) was determined during two periods of urine collection, each 15 minutes long. Following a prime of 0.8 mg, constant blood levels of PAH were maintained by the infusion of 10 mg/ml at a rate of 1.2 ml/hour. After completion of the clearance study microspheres (mean diameter 15/x) labeled with 141 Ce (Nuclear Products) were injected in a 20* solution of dextran containing a few drops of Tween 80. This solution had an initial specific 46 deBERMUDEZ, HAYSLETT activity of 200 fic/ml. Immediately after sonication, 0.1 ml of the solution was radidly injected through a small polyethylene tube (PE 10) which had been previously placed in the aorta with the tip located in the thoracic aorta. After removing both kidneys, one coronal section, approximately 3 mm in width, was cut through the mid portion of each kidney. From these sections approximately equal portions of outer and inner cortex were removed, weighed, and digested overnight in 2 ml of Protosol (New England Nuclear Corp.). The following day 10 ml of Aquasol was added, and the solution was stored at -20°C for 24 hours before radioactivity was determined in a Tri-Carb liquid scintillation counter. All samples were counted to a total count of 10,000.
Sodium concentration in urine and blood was determined by flame photometry with an internal standard, osmolality by an Advanced Instruments osmometer, and hematocrit by microhematocrit tubes. All data are expressed as means ± SE, and statistical comparisons were made using Fisher's £-test. The paired f-test was used for comparison of glomerular filtration rate and urinary sodium excretion before and after the acute administration of methylprednisolone.
Standard formulas were used for determining inulin clearance, PAH clearance, solute-free water formation, and solute-free water reabsorption. Single nephron filtration rate was determined as V,, (nliters/min) = V X TF/P m , where TF is tubular fluid inulin, P ln is plasma inulin, and V is total fluid collected per unit time. Regional cortical blcod flow distribution was determined by comparison of the ratios of radioactivity per gram wet tissue in outer cortex to that in inner cortex for control and experimental rats.
Results
ACUTE EXPERIMENTS
There was no apparent effect of methylprednisolone on glomerular filtration rate or tubular reabsorption of sodium during the 60-minute period following acute administration. The mean glomerular filtration rate after treatment in the experimental rats was 1465.7 ± 139.1 /uliters/min g" 1 kidney compared to a control value of 1409.3 ± 143.5 ^.liters/min g" 1 kidney in the same group (P > 0.20). The filtration rate measured during the same time period in the group of rats not given the glucocorticoid was 1341.1 ± 119.2 /iliters/min g-1 kidney (P>0.30). The urinary excretion of sodium was similar in the experimental rats before (0.05 ±0.01 fiEq/min) and after (0.06 ±0.02 /iEq/min) administration of the glucocorticoid. Sodium excretion was 0.04 ± 0.01 /tEq/min and 0.04 ± 0.01 /lEq/min, respectively, in the same time periods in the group of rats that was not treated. The hematocrit was 42.6 ± 1.893i in the treated rats and 43.1 ± 1.453! in the control rats.
CHRONIC EXPERIMENTS
Studies on Nondiuretic Rats.-During the chrome administration of methylprednisolone for 4 days while the rats were maintained on a sodium-free diet, there was a marked loss in body weight which averaged 12.2 ±0.9* (Table 1 ). In contrast, rats not treated gained 
Comparison of Control and Experiinentai Rats under Nondiuretic Conditions
Change in body weight (%) Cin (pliters/miii g" Values are means ± SE; N represents number of observations. C| n = inulin clearance, UN«V = excretion of sodium, U N » V / F N , • 100 = fractional excretion of sodium, T o , = tubular reabsorption of sodium, NS = not significant. a mean of 9.9 ± 1.2$. The hematocrit was 46.1 ± 0.7% in experimental rats and 44.2 ± 0.8% in control rats. Despite the loss of weight, the glomerular filtration rate in experimental rats was significantly increased (1556±91 //.liters/min g" 1 kidney) compared to that of the control group (1204 ± 129 //.liters/min g-1 kidney, P<0.01). There was a small increase in urine volume (11.0 ± 0.01 //.liters/min) and absolute sodium excretion (0.45 ±0.10 /xEq/min) compared to control values (4.00 ± 0.01 //liters/min and 0.20 ± 0.06 /^Eq/min, respectively). Fractional excretion of sodium was the same in both groups. As a consequence of the marked change in the filtered load of sodium in rats receiving methylprednisolone, there was a significant increase in tubular reabsorption which rose from a control value of 320.88 ± 26.0 //Eq/ min to 481.47 ± 22.1 /i,Eq/min (P < 0.001).
Administration of methylprednisolone did not influence renal growth. Wet kidney weight at the time of study was 2.14 ±0.12 g in treated rats and 2.09 ±0.11 g in control rats; these values are not significantly different. Because of the loss of body weight in experimental rats, the kidney weight was calculated as percent of body weight prior to beginning the experiment protocol. Estimated in this way the kidney of experimental rats was 0.77 ± 0.05% of body weight, and in control rats it was 0.93 ±0.14$ (P>1.0). To determine the validity of expressing whole kidney filtration rate as a function of wet kidney weight, the percent of tissue water was measured in kidneys from both groups. Percent tissue water was 73.67 ± 1.24% in experimental rats and 76.09±0.24% in control rats (P<0.05). Although this difference was statistically significant, it seemed unlikely that the small variation in tissue water would influence calculations based on wet kidney weight.
In the studies performed to determine sodium balance during the 4 days of chronic administration of methylprednisolone a negative balance was found. Although control rats showed a gain of 1.32 ± 0. 16 with the calculated loss of sodium from the extracellular fluid, which occurred as a consequence of weight loss, estimated as 1.65 mEq.
Studies to Examine Solute-Free Water Formation.-Rats undergoing a sustained water diuresis also lost body weight during treatment with methylprednisolone (12.5 ± 2.9%) compared to control rats which gained 9.9 ± 2.2% in the same period of 4 days. The hematocrit was reduced in both groups to a similar extent and averaged 41.9 ±1.8% in experimental rats and 41.6 ± 0.9% in control rats. During the infusion of 2% mannitol, solute-free water formation rose progressively with increasing rates of urine flow in both groups as shown in Figure 1 . Since the glomerular filtration rate was markedly increased in this experimental group of rats, as in the nondiuretic group, both solute-free water formation and urine flow were expressed as a function of glomerular filtration rate. When calculated in this way there was no apparent difference in ability to generate free water between experimental and control rats. 
FIGURE 1
Relationship of fractional solute-free water formation (C H2<> /GFR • 100) to fractional urine flow rate (W GFR. 100) during 2% mannitol diuresis.
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During the periods of observation, when urine flow rate was constant, the glomerular filtration rate was 2150 ± 105 /Ltliters/min g-1 kidney in experimental rats and 1E02 ± 103 /uliters/min g" 1 kidney in control rats, a difference of 43$ (P<0.005). The percent of renal tissue water was similar in both groups and averaged 78.18 ± 0.42% in experimental rats and 78.30 ± 0.44% in control rats.
Studies to Examine Solute-Free Water Reabsorption.-The results of studies of concentrating capacity, using hypertonic saline, are shown in Figure 2 . Both osmolar clearance and solute-free water reabsorption were expressed as percent of glomerular filtration rate to correct for possible differences in filtration rate. It can be seen from this figure that no distinct difference in solute-free water reabsorption between the two groups is apparent for any level of osmolar clearance.
The glomerular filtration rate was estimated in the treated and nontreated rats when urine flow rates were constant and a significant expansion of extracellular volume had occurred as a consequence of the infusion of hypertonic saline; it was 1803 ± 73 /i,liters/min g-1 kidney in experimental rats and 1735 ± 64 //.liters/ Relationship of fractional solute-free water reabsorption (Tj § Q / G F R • 100) to fractional osmolat clearance 1 0°) during 2.3% saline diuresis.
min g" 1 kidney in control rats; these values are not significantly different. The lack of a difference between the two groups in this experiment presumably was accounted for by the increase in filtration rate in the control rats caused by acute volume expansion and the failure of expansion to induce a further rise in the treated rats.
The effect of a 24-hour water deprivation and exogenous vasopressin on urine concentration was also studied. Although the mean value of 2705 ± 53 mosmoles/ liter in the treated group was greater than the control value of 2478 ±221 mosmoles/liter, this difference was not significant (P > 0.05).
Micropuncture Studies.-In this series of experiments the rats were prepared in a way identical to that used for the nondiuretic clearance studies. Rats treated with methylprednisolone lost an average of 16.3 ± 1. 6% body weight, and control rats gained 19.0 ± 3.0*. The whole kidney glomerular filtration rate of the left kidney, used for micropuncture studies, was 1949 ± 206 /x\i-ters/min g-1 kidney in the group treated with the glucocorticoid, which was approximately onefold greater than the value of 950 ± 105 liters/min g" 1 kidney in the control group ( P < 0.001). The difference in filtration rate of single superficial nephrons measured in the same kidneys was not as great as that found for whole kidney glomerular filtration rate; it averaged 43$. Single nephron glomerular filtration rate was 27.2 ±2.1 nliters/min g" 1 kidney in experimental rats and 19.7 ± 1.9 nliters/min g" 1 kidney in control rats. Fractional reabsorption, estimated by the ratio of TF to P ln at the end of the convoluted portion of the proximal tubule, was 2.20 ± 0.14 in the glucocorticoid-treated rats and 2.48±0.19 in the untreated rats (P>0.05). The absolute rate of reabsorption of water in the proximal segment, calculated as C = V o X (1 -P/TF ln ) (nliters/min) where V o is single nephron glomerular filtration rate, was greater in the experimental group (14.7 ± 2.2 nliters/min) than in the control group (12.6 ±1.6 nliters/min), although this difference was not statistically significant. 
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Studies to Determine Renal Blood Flow Distribution-In these studies the changes in body weight were similar to those in the other experiments; the treated rats lost 9.3 ± 4.8J of body weight during the 4 days of treatment. There was a marked increase in PAH clearance in the experimental rats (7832 ± 761 ju,liters/min g" 1 kidney) compared to the control value of 5510 ± 455 /*liters/min g~l kidney, a difference of 423>. To determine whether there was a uniform increase in blood flow within the different portions of the renal cortex, additional studies were performed using isotopically labeled microspheres. Previous studies in the dog have shown that the distribution of microspheres of a uniform size (15JU, ) corresponds to the distribution of whole blood within the cortex (9) . The results of this study are shown in Table 2 , expressed as counts/ min g" 1 tissue found in the outer half and inner half of the cortex, for all kidneys examined. Although considerable scatter in the data was observed, probably owing in part to the difficulty in separating the small slice of cortex into equal parts, there was a significant decrease in the ratio of radioactivity in the outer cortex to that in the inner cortex in the group of rats treated with methylprednisolone. This difference suggests that the rise in renal cortical blood flow during treatment was not evenly distributed through- out the cortex but occurred predominantly in the inner zone containing nephrons with long loops.
Discussion
From the present study it is evident that the chronic administration of methylprednisolone in a pharmacological dose to rats with intact adrenal function causes a marked increase in glomerular filtration rate and cortical plasma flow. There was no evidence that this agent resulted in compensatory renal growth. Previous studies have demonstrated that the primary effect of glucocorticoid hormones in adrenal insufficiency is to normalize glomerular filtration rate in a way which is not dependent on the state of hydration (10) . Although the reported observations on the influence of glucocorticoids on filtration rate in man and experimental animals with intact adrenal function are conflicting, differences are probably related to variations in dosage and experimental design. Davis and Howell (1) demonstrated that the administration of cortisone to normal dogs in a dose of 2-4 mg/kg for 5-31 days caused a rise in glomerular filtration rate and renal plasma flow, but treatment with desoxycortisone acetate (1 mg/kg) did not. Pechet and associates (11) showed a similar effect in man after treatment with prednisone and prednisolone, 60-70 mg/ day. In several reports a consistent rise in glomerular filtration rate was not observed following the administration of cortisone (4), hydrocortisone (3, 6) , and methylprednisolone (5) in relatively smaller amounts. Although the dose of methylprednisolone used in these experiments was much greater than physiological production rates, it is important to recall that a dose of glucocorticoids 12 times greater than maintenance requirements is commonly used to treat numerous clinical disorders in man, and even larger amounts are sometimes employed in treating homograft rejection.
The mechanism responsible for the rise in filtration rate is not clear from these experiments, but it seems unlikely that the rise occurred as a consequence of volume expansion. The chronic administration of methylprednisolone caused a slightly negative balance of sodium while rats were maintained on a diet free of sodium. Furthermore, in unpublished studies we have found that chronic volume expansion during the same period of 4 days does not increase filtration rate. In these experiments in which rats were treated with desoxycorticosterone acetate (0.5 mg/100 mg day" 1 ) and given saline to drink, the glomerular filtration rate was similar in both groups despite the finding that experimental rats gained weight more rapidly than did controls and exhibited a fall in hematocrit, Kuschinsky and associates (12) have also recently shown that glomerular filtration rate per gram of kidney was not influenced by the chronic infusion of saline for 9-17 days in an amount equal to 70% of body weight per day.
Since sodium wasting is an important feature of adrenal insufficiency, the influence of glucocortjcoids, as well as mineralocorticoids, On the handling of sodium and water by the kidney has been examined by several investigators. In normal subjects Pechet et al. (11) found that prednisone and prednisolone in doses of 30-70 mg/day produced an initial increase in urinary sodium with negative sodium balance, although in larger amounts (240-280 mg/day) sodium retention occurred during the first 4 days of treatment. Similar small changes in sodium excretion have been reported in other studies (3, 6) and are dependent in part on sodium intake. The chronic administration of cortisone (4) and methylprednisolone (5) during water diuresis has been associated with a rise in solute-free water 'formation, interpreted as demonstrating either decreased proximal reabsorption or enhanced reabsorption along the ascending limb. An increase in solute-free water reabsorptipp in normal hydropenic man has also been reported after the acute administration of hydrocortisone (6) . Recent micropuncture studies in adrenalectomized rats have extended these efforts in providing a better understanding of the action of glucocorticoids in different segments of the nephron. Wiederholt and associates (13) demonstrated that impairment of sodium reabsorption in proximal surface tubules of adrenalectomized rats was reestablished towards normal by d-aldosterone and cortisone but not by dexamethasone. The administration of dexamethasone under these conditions, however, was shown to lower water permeability in the distal convolution.
In the present experiments performed in rats with intact adrenals, there was no evidence of altered fractional sodium reabsorption in either the proximal segment of the surface nephrons or the ascending limb. Examination of proximal segment function in surface nephrons demonstrated normal fractional reabsorption despite more than a 40% increase in nephron filtration rate. Although not statistically significant, absolute reabsorption increased in experimental rats. This observation is consistent with the findings of Schnermann (14) who reported that during spontaneous variation in glomerular filtration rate in rats the rate of absolute reabsorption varied directly with changes in the filtered load of sodium. To evaluate function in the ascending limb during chronic treatment, clearance studies were performed to measure solute-free water formation during water loading and solute-free water reabsorption during solute loading. Since filtration rate was increased, there was an absolute rise in solute-free water formation and reabsorption in experimental rats. When estimated as a function of glomerular filtration rate the fractional clearance of free water and reabsorption of solutefree water were similar in control and experimental rats. Since both functions are dependent on the reabsorption of sodium in the ascending limb, these data suggest that glucocorticoids have no effect on this segment of the nephron. Although previous studies have demonstrated an increase in solute-free water formation after administration of glucocorticoids to subjects undergoing water diuresis, the lack of a similar effect in these experiments suggests that inhibition of water permeability was maximal in these chronically hydrated animals. These data, therefore, do The urinary excretion of sodium was slightly increased in nondiuretic rats given methylprednisolone and a small negative sodium balance was demonstrated in balance studies. Although a direct natriuretic action of methylprednisolone cannot be excluded, it seems likely that the observed sodium excretion was commensurate with the fall in body weight resulting from the catabolic effect of the steroids associated with the proportional decrease in extracellular volume.
The renal response to an increase in filtered sodium was of special interest since in these experiments there was no evidence for compensatory renal growth. Katz and Epstein have reported (15) that under similar conditions enhanced sodium reabsorption per gram of tissue is associated with a parallel increase in sodium-potassium-activated adenosinetriphosphatase. The present data suggest that in addition the mechanism of this response involved, at least in part, a redistribution of filtration to deep cortical nephrons, indicated by an increase in superficial nephron glomerular filtration rate smaller than that for the kidney as a whole and a similar distribution of blood flow. Micropuncture studies have demonstrated that under conditions of increased fractional sodium reabsorption, in the absence of a change in whole kidney filtration rate or absolute reabsorption, there is a reduced ratio nephron filtration rate in the outer cortex to that in the inner cortex (16) . Corresponding alterations in intrarenal blood flow distribution have also been shown to occur in several conditions characterized by maximal sodium conservation (17) and enhanced absolute reabsorption (18) .
In recent studies in our laboratory diversion of one ureter into the peritoneal cavity caused a marked increase in glomerular filtration rate in the remaining intact kidney and a rise in sodium reabsorption per unit renal mass, but the procedure did not cause a change in renal mass (19) . As in the present study there was a disproportionate increase in filtration in deep nephrons. When taken together these data OrcuUtio* Research, Vol. XXXI, July 1972 confirm the previous observations which suggested that deep cortical nephrons have a special role in sodium reabsorption. The participation of this mechanism in sodium reabsorption, therefore, can be shown to occur not only in the absence of a change in filtered load, as in dietary sodium deficiency, but also under conditions of a chronic increase in filtered sodium.
